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I . ABSTRACT 



The object of this the3is was to Investigate the 
practicability of using plastic models to study the behavior 
of steel submarine pressure hulls under hydrostatic loading. 
The conclusion reached in this thesis is that models made of 
commercially available plastics can be used for such study, 
but that their range of application is limited. 

The need for small scale models in submarine design 
exists because the formulas for submarine pressure hull 
strength calculations are limited in application and have 
not been adequately verified; therefore, design calculations 
have always been checked by hydrostatic tests of models. 

Steel models are normally used for these tests although they 
are costly to construct and must be tested to the same high 
pressure as will cause collapse of the full-scale submarine. 
In contrast, plastic submarine pressure hull models offer 
the advantage of low cost and low test pressures. For ex- 
ample, "Lucite" models cost approximately one-fifth the 
cost of comparative steel models and collapse at about one- 
fifth the pressure. 

This investigation was conducted in two steps. First, 
the accuracy of using plastic columns to predict behavior 
of steel columns was studied; fifteen plastic columns were 
tested by the authors in this phase of the investigation. 
Second, the more complex problem of predicting the perfor- 
mance of a steel prototype using a plastic submarine pressure 
hull model was investigated. 

Four plastic submarine models were built, and were 
tested by the authors in a simple, low-pressure steel tank 
using tap water. 

Three of the four models tested failed sufficiently 
clear of both the end bulkheads and the longitudinal seam 
to indicate reliable failure data. The manufacture of 
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plastic structural models involved new techniques of 
construction; hence the lack of technical difficulties 
with the plastic under test was noteworthy. 

Analysis of the test results indicates that: 

(l) plastic submarine models can predict the collapse 
of a steel prototype, but only when the prototype is 
not stressed above its proportional limit at collapse; 

(?) models should have ft similarity rather than geo- 
metric similarity to prototypes. 

The accuracy of predicting steel prototype per- 
formance is affected by the value used for the modulus 
of elasticity of the plastic, and this value is in turn 
significantly affected by the rate of loading and tem- 
perature during testing. Therefore, plastic models are 
recommended more for qualitative comparison of the effect 
of varying one parameter, than for getting the exact 
quantitative collapse pressure of a specific steel sub- 
marine design. 

The low cost of plastic models suggests their use 
in extensive research programs where qualitative pre- 
dictions are desired. The present limited range in which 
models made of commercially available plastic can be used 
might well be extended by development of new plastics with 
stress-strain curves similar to those of steels used in 
submarines. 
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SYMBOLS AL'D A BBRFV I AXIOMS 



The following symbols and abbreviations are used 
throughout this report: 




E 

e t 

e r 

A 

L 



L» 



H 

D 

h 



rr 

u y.p. 

Op.i. 



Yield point stress. 

Stress at proportional limit. 



Modulus of elasticity - initial slope of 
stress-strain curve. 



Tangent modulus - slope of stress-strain 
curve at a particular stress. 



Reduced modulus = 




4fc F t 

(~/t + 

Thinness factor or 
sturdiness factor. 



Unsupported distance between frames on 
submarine pressure hull. 



Submarine pressure hull frame spacing. 

Radius of curvature of submarine pressure 
hull. 



- Diameter of submarine pressure hull (?.R) 
* Thickness of submarine pressure hull. 



? 



P 

Ih/njllfy) 

= Collapse pressure of model. 

* Buckling stress of a column. 
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JL 

f 

DTMB 



= Length of equivalent pin-ended 
column. 

« Least gy radius of column section. 

= David Taylor Model Basin, 
Washington, D.C, 

= Poissons Ratio . 
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IKTROr.UCTIO.N 



Objective 

The purpose of this thesis is to investigate the 
practicability of us ng plastic models to facilitate 
study of the behavior of, and structural failures of, 
steel submarine pressure hulls. 

Failure of a typical len th of cylindrical shell 
and its attendant transverse frames under non-dynamic 
conditions of external hydrostutlc loading is the 
specific item of "behavior" or mode of "structural 
fetlure" upon vhich this thesis concentrates. 

In assessing the value, if any, vhich ~ay be in- 
dicated for plastic submarine models, the thesis has 
as its initial objective the determination that such 
models can, or cannot, predict tho performance of steel 
prototypes in a qualitative sense. Fxploratlon of tho 
quantitative worth of the plastic submarine models 
( s, for example, tho prediction of an exact prototype 
collapse depth), is an ultimate objective. 

Background 



The theories concerning the exact cause of the 






>#wf Mfv*J I M i |4| i O V WM iJS 

•»e T U|M! m UH W‘*Ji •*«-• 1< Uf '*“!*•»*% 

*•— I*n |*t M I* K m, -7| „ tyw^nl VO 7r V ff 

MA» • • •«• 

♦ r« ^ no *. « . t • ►-*» . 1# 

ii^-3 n*»v« »* ?• sr**« M 

j. >i« «v #* *»> v>m f 1 >• ("tiWtc id »-**•• *r» .,«•*• O * 

N 4 ..i IN * I U » i*4« 



collapse or failure of a cylindrical thln-valled pressure 
vessel reinforced by stiffening rings (l.e., a submarine 
pressure hull) are neither complete, nor uniformly 
accepted. Similarly, the several formulas for computing 
or checking submarine pressure hull strength and collapse 
depth calculations involve simplified boundary conditions 
and other simplifying assumptions in their derivation 
and, therefore, ove their authority to such substantiation 
as test experiments afford, and apply to but one aspect 
of the collapse depth problem. Thus, the several formulas 
are used collectively to arrive at an acceptable design. 

In addition to the uncertainties of theory and of 
design formulas as they apply to design parameters, the 
actual performance of any given submarine pressure hull 
vill be a direct function of the physical characteristics 
of the material used, the methods of welding and con- 
struction, the quality of workmanship, etc. 

For a variety of reasons, including the above. It 
has long been the practice to corduct actual hydrostatic 
tests to failure of selected submarine pressure hull 
designs. Some test work has been done upon large scale 
models of submarines; most of the test work is performed 
via hydrostatic tests of properly scaled small steel 
models. 



. 

f. i*** - r fi ■ - ^fl ,\h JV ,% J orvvu 

^ -r»» ^ 1 Lp« « tm i 

i^l»lt/ti'» ti<»% »i ♦ —</ «•• iaUY>l: 

•» ■ 1 

. ■ • • ■ ** 

.. 

l\4A 

- 

5 

- * 

, . • 

, 

.'.»•! • ' * 

& 1 















Construction and test of a steel model is a time- 
consuming and costly procedure. Procurement of steel 
of the prototype 1 s characteristics, hand machining of 
H-frames, special small scale welding, etc., are among 
the problems of model manufacture. Since the model 
should fail at the same collapse depth as the prototype 
(for example, over 400 pounds per square Inch for 1000 
feet collapse depth), the pressures Involved are high, 
the test apparatus is heavy and expensive, and the test- 
ing techniques are time-consuming and costly. Time re- 
quirements and costs involved in standard steel model 
tests may be spoken of, conservatively, in ’’weeks" and 
"hundreds of dollars," respectively. 

In contrast to the use of steel models, the use 
of a plastic (for example, "Lucite" or "Plexiglas") 
appeared to offer several promising advantages. First 
because of the relatively low values of the modulus of 
elasticity and of the yield stress for these methyl 
methacrylate plastics, the required test pressures for 
plastic models geometrically similar to steel models 
are much lower than the corresponding pressures for 
steel models. This suggested great simplification in 
the test equipment required with a lighter test tank, 
easily removable models, lighter piping, elimination 
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of pressure pumps and use of tap water as a rater and 
pressure source, ease of securing water tightness, etc. 
Another savin? was foreseen in the use of standard 
commercially available plastics to quickly and readily 
build models. The possible speed-up in actual testing 
offered superimposed savings. 

The concept of using plastic submarine pressure 
hull models was suggested to the authors by some work 
at Bavi 5 Taylor Mo^el Basin as witnessed by one of the 
authors during the summer of 1950. TTMB has officially 
reported the use of a cellulose acetate model in the 
physical test of a cylindrical run foundation, ^ef r- 
er.ee (1). Several plastic submarine pressure hull models 
have been prepared by BTflB, and inspected by the authors, 
but have not been tested. A sample test of ar unfinished 
plastic '"odel was made in August, 1950, at PTHE with one 
author assisting; It verified the opportunity for re- 
duction in time, cost and test pressures. This fTMB 
test suggested another possible advanta e of plastic 
models - the possibility of testing a model to "failure" 
(as evidenced by collapse lobe form tior.) , but without 
destruction of the model. It was predicted that plastic 
models, particularly at the lower pressures, could be 
unloaded without permanent damage and then re-used. 

(This last prediction has not been confirmed by the 
subject work). 



Problem 






From consideration of the foregoing, the- following 
problem vas posed by the authors: 

Cnn a plastic model of a submarine 
pressure hull be utilized to predict, In 
either a qualitative or a quantitative 
sense, the collapse depth of steel proto- 
type under hydrostatic loadirg? 

Implicit in the above probirm, or in any 
attempt at its solution, are numerous other questions 
including the following; 

Vith commercially availab_e plastics 
ar.^ average workmanship, car a plastic 
model be expected to behave as an efficient 
pressure vessel? 

Vi 11 a plastic no el fall in mode 
similar to a 9teel iodol? 

Can instability or yield failures be 
obtained, or will the mechanics of con- 
struction provide the sources of failure? 
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Vhat will be the effects on the 
steel-plastic correlation of tN> inherent 
variations in yield stress- modulus ratios 
and general shapes of the stress-strain 
curves? 

Because of these v rlations in ia ter Lai 
characteristics, vhat scale factor ;ust be 
employed between steel a r J plastic, and how 
shall it be epoli d to such difference design 
parameters as shell thickness, frame «-tiffn-.ss, 
etc. 

Proposed Approach 

The method of attack outlired b^low was established. 

(c) Survey the vorK done in field of steel submarine 
pressure hull models. 

(b) Survey the prelininary work done in the field of 
plastic submarine pressure hull .odels at FT'S. 

(c) Survey plastics; availability, physical charac- 
teristics, stress-strain behavior, etc. 

( ) Manufacture and test in compression a series of 
columns of chosen plast'c; including preparation 
of stress-strain curve. 
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(e) Compare plastic column '■'ata with accepted ex- 
isting steel column data. 

(f) Manufacture and assemble low-pressure steel test 
tank, pages, piping, etc. 

(g) Manufacture a s ries of plastic submarine pressure 
hull models, coveri v .g a rat :,e of frame spacing, 
and conduct hydrostatic tests f these scale 

nod els. 

(h) Compare pressure and modes of failure for plastic 
submarine models with available data from tests 
of steel submarine models at FT IB. 

retails of the actual approach to th*» problem will 
be found In tho next section, "PPOCFP IF.” For ad- 
ditional details pertinent to the foreging section, see 
APPEI* DIX”n n . 
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III. 



PROCEDURE 



Outline 

In brief, the procedure followed in this thesis 
may be outlined in the following manner: 

(a) Choice of plastic - the study of possible 
plastics, ar.H the selection of an available, 
workable plastic with stress-strain and other 
characteristics not too dissimilar to steel. 

(b) Plastic column tests - the selection am 1 test 

of a series of compression columns of the chosen 
plastic, including preparation of stress-strain 
data for selected rate of loading. 

(c) Correlation of plastic and steel columns - com- 
parison of behavior of plastic columns with 
widely documented steel column performance, in- 
cluding correlation on selected non-dimensional 
basis to exclude variations in E, yield stress, 
etc. 
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Design of plastLc submarine novels - 
selection of the design parameters, and 
the variables and range of variables to 
be studied. 

Manufacture of plastic submarine novels - 
including problems of forming shell and 
frames, maintaining circularity, choice and 
use of solvents, etc. 

Design and manufacture and test of the steel 
test tank - including provision of gages, 
control of vater pressure and volume, etc. 

Plastic submarine r.o’el tests - with the 
attendant problems of watertightn<-ss, rate 
of loading, observation f failure lobes, 
detection of incipient failure, etc. 

Correlation and evaluation of plastic sub- 
marine model test data - examination of 
plastic submarine mo^el test results In view 
of column t st results and all available data 
correlation of plastic t^st -hita with exp- ri- 
mental data from tests of steel submarine 



models 
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(i) Evaluation of thesis and conclusions. 

Choice of Plastic 

The choice of plastic finally centered upon methyl 
methacrylate for a number of practical reasons, not the 
least of which is its availability in readily usable 
forms and sizes. Other reasons which led to the choice 
of a methyl methacrylate ( n Lucite n and "Plexiglas” are 
both trade names for materials belonging to this category) 
included those listed hereafter. The material is readily 
available in commercial sizes of good uniformity as to 
size and tolerance, and fair uniformity as to chemical 
composition and physical characteristics. Much experience 
and knowledge regarding this material has been amassed 
by the M.I.T. group under Professor A.C.B. Dietz, and 
by DTMB. Use of this material would permit direct com- 
parison with column tests by Cdr. Miller in August, 1950, 
and with projected submarine model tests by DTMB. Use 
of this material vould offer a minimum of new ” mechanic al" 
problems in regard to model construction, choice of sol- 
vent cement, etc. 

A primary disadvantage in the choice of methyl 
methacrylate lies in its gently rounded stress-strain 
curve without a distinct yield point. Another serious 
disadvantage is the fact that, whereas the yield stress 
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of this material is about 1/10 that of steel, the 
initial modulus of elasticity is only about 1/100 
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that of steel. 

For a sore detailed discussion of the choice 
of the plastic, refer to Appendix n B n . 

Plastic Column Tests 

In order to achieve a startii g point for com- 
paring plastic submarine models -with steel submarine 
models under conditions of hydrostatic (compressive) 
loading, it vas decided to first conduct compression 
tests upon a series of plastic columns and compare 
s !ch column test results with Euler 1 s Column Curves 
and with existing published results of steel columns. 

Accordingly, the set of "Luclte" columns specified 
on Tables IX-XIV were tested in compression. The test 
set-up was as detailed by Figure I. Columns wore tested 
"fixed-ended”, load rates were adjusted for ready com- 
parison with "Plexiglas” column tests by P. . T . Miller 
at DTMB in August, 1950, and short specimens were em- 
ployed to obtain a compression stress-strain curve for 
n Luclte t! - Figure XII. 

For further details regarding "Lucite" columns. 



refer to Appendix "B” 
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EtflQRflMMATic Sketch — Lucite 

Column COMPRESSION TESTS 
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Cress * hc^c travel 



Load Applied By Constant 
pRfc-SET R«Tt CF TRAVEL 
Of Lowe* Hmc. 

Eno Faces OF Column Model* 
Lubricated By Silicone Oil. 
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it* Mounted in Plane of Least 
Men** Modulus as indicated. 
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Correlatio: of Plastic and Steel Columns 

In correlating the results of the plastic column 
tests with steel column data, use was made of the vast 
mass of data regarding steel columns that has been de- 
veloped, documented In the literature, and accepted as 
valid. It was not the purpose of this thesis to conduct 
tests of steel columns, and r.o such tests were made. 

For the purposes of this thesis, the steel column data 
employed was that presented by Shanley in Reference (2). 

The basis for correlating comparative steel and 
plastic column data was to reduce such data to appropriate 
non-dimensional plots to eliminate the effects f variations 
in basic characteristics such as yield stress an modulus 
of elasticity. 

For pertinent details of the correlation of plastic 
ard steel column test data, refer to sections on 
"RFSULTS" and "DISCUSSION OF RESJLTS." 

P^3lgn of Plastic Subnor'ne Models 

The underlying concept for the rtesigr of the plastic 
submar ire .models was to cover by experimental tests as 
large a portion of the significant A range as could be 
allovod by limitations of theory, of time, of pressure, 
and of money. 
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As a check of the applicability of plastic models 
to current submarine design, it vas further decided to 
base one plastic model as closely as practicable upon 
current submarine design practice, using either 
?\ -similarity, or geometric similarity, or both. 

From an experimental point of view, the authors 
felt the desirability of obtaining submarine test spots 
in sufficient quantity to chectc against three portions 
of the ?l - Y* curve: the rising "instability" portion 
of the curve ut the higher ^ values; the "yield" 
portion of the curve at low values of where 

approximates unity; and, the transition ran* 7 e between 
the first and second areas. 

The design, number and choice of dimensions for 
the submarine models actually tested is a compromise. 

The number of models was United by cost, and the basis 
for other decisions is detailed in the APPENDIX. The 
model specifications were as detailed by Figures IX-V; 
the model scantlings as actually built, where different, 
are detailed on Figures XVII-XXII. Four ( 4 ) models 
were built and tested; each was a nominal 9" inside 
diameter by 1/16" shell thickness. All shells were 
fitted with a longitudinal seam fitted with external 
butt strap. All frames were 5/16" wide by 5/16*’' deep. 















n UA4-H #*• 





















j vi\> , ... -A .-.-r .l>0^ 



Figure H 

SPECIFICATION s)HtET- MootL NS 50 



Material. : Methyl. Methacrylate 

frames : € - J/W X 5/ife“ 

SHt, -L. thickness s o.oeo ** 

KEY dimension: 6»SS* BctwECN 
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MATERIAL. : METHYL METHAeEYLATE 

Frames s~ * s/ /4d u 

Shell Thickness. 0.06O " 
•fEY MMENSICN : 0 93" BeTWECN Frames 
l 1 *' CtNTe* Tc Cewte* 
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Specification Sheet - Model Ns 52 




Material Methyl Methacrylate 

Frames = s ~ »/W* * s/\q,' 



Shell Thickness ©.©«o h 

tCEY O.MENS.CN : I.JS” EETWEU4 FRAMES 

1-54 CENTER Te CENTER 




fitted snug on the inside, and made with one butt. 

Shells, seam, straps, and frames were permanently 
"welded" by use of ethylene dichloride solvent. 

Model Ko. 52 maintains close geometric similarity 
with recent submarine practice, but the use of "Incite" 
results in a 2 value of 2,735 for Model Ko. 52 which 
is much higher than the 2 for the steel prototype. 

Model ho. 5- has the highest 2 value of the quartet 
tested, 4.04; this value was as large as was felt 
practicable. Model ho. 50 carries the minimum 2 value 
of 1.7?; the distance between frames is reduced in this 
model to 0.52*. 

Accordingly, the 2 range covered by the four 
models tested is /l = 1.73 to A » 4.04; this range 
is displaced in the direction of higher values of A 
from the range which the authors would have liked to test. 

All plastic submarine models wore designed for use 
with one-piece "Lucite" end diaphragms which were to 
project into the shell for 3/8" and have a 1/3" x 9-1/8" 
integral end flange. The end diaphragms as built and 
used are shown in Figure VI. 

Manufacture of Plastic Submarine Models 

Four (4) "Lucite" submarine pressure hull sections 
were manufactured by Forest Products, Inc., Cambridge, 
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Figure. 3ZT 



Construction , installation ♦ use 
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Mass. The novels were in accordance with Specification 
Sheets, Figures II-V, except as detailed on Figures XVII 
XXII which show the diameters as built and the extra 
frames installed to suit the end diaphragms. The end 
diaphragms were built and used as detailed on Figure VI; 
note that, in order to save funds, one pair of end 
diaphragms was used on all models. 

The model shells were formed from flat sheets which 
were heated, wrapped around a wooden mandrel, cooled, 
cut to size, and cemented. The frames wore hot formed 
in a wooden Jig to the size of the finished shell, and 
trimmed for a press fit. All frames were adjusted to 
size, positioned, an"’ cemented in place by the authors. 

Photograph Ko. ?. show's an exploded vir-v of Model 
no. 53 as constructed prior to attachment to end dia- 
phragms . 

Appendix ”B r contains further details concerning 
manufacture of the models, solvent, etc. 

Design. Manufacture and Test of Steel Test Tank 

The design of the testing tank and its attendant 
piping, vent, and valve arrangement can be readily 
understood from Figures VII and VIII, and Photograph 
Iio. 1. With the household main as the designed source 
of water pressure, the steel stresses were expected 
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Photorraph No. 1 

TECT APP/iiATUS 




Teat pct-up rhowlnp tank used for 
c ufcm«r1ne rro^el teate, lncludinc- 
ploinf, nump, recirculating line 
and connection to t^e water tap. 



Photographs Nos. ? & 3 



15-0 




I 



Kodel 53 before test showing end bulkheads 
before installation in model, and model 
frames including two extra frames used to 
help support end b "'•heads in shear. 




Kodel 53 after test showing dial gage 
set-up and model attached to end flange 
of test tank. 
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to be nominal. The tank vas made by the Boston Kaval 
Shipyard to a rough sketch furnished by the authors. 

The Shipyard also furnished and calibrated the 
pressure gages used, and tested the assembled tank 
to 100 pounds per square inch gage. 

Plastic Submarine Model Tests 

The basic test set-up for hydrostatic tost of 
plastic submarine models can be followed from 
Figures VII and VIII and Photograph No. 1. The initial 
step in the test of a model was to insert the end 
diaphragms into the reinforced shell; then mount the 
assembled model, complete with ends, upside down on 
the lower face of the upper steel flange of the test 
tank. The tank was next partially filled with water, 
the upper test tank flange together with model put 
in place, the tank filled with the vent open, and the 
upper tank flange securely bolted on (with the vent 
still open) . The pressure control valve could then 
be opened wide, the guard valve cracked open, the 
supply valve opened, and the vent closed ready for 
test. Pressure on the model was cor trolled by gradual 
throttling of the pressure control valve. 

During the tests of Models Iios. 50 and 52 t two 
(2) diametrically mounted dial gages wore mounted, as 
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shcwn by Photograph ho. 3 and by Figures VIII and IX. 

The normal test procedure was to build up the pressure 
at the rate of 2 pounds per square Inch per minute, 
making continuous recordings of dial gage readings 
where mounted, and making continual examination of the 
model visually and by exploratory touch. In the event 
of minor leakage, a syphon tube was rigged, and the test 
continued without interruption. In the event of serious 
leakage, inexplicable cracking noises, etc., the pressure 
was dropped for careful examination of the model, in- 
cluding removal from the tank when appropriate. 

Correlation ar.d Evaluation of Plastic Submarine 
Model Test Data 

The underlying basis chosen for attempting to 
corrolato the plastic submarine model tests and ex- 
perimental data from steel model tests is that of a 
non-dimensional plot such as the plot of 

Figure XXXI. 

lio steel submarine no’ el tests wtre contemplated 
under this thesis, and none were performed. In com- 
parison with the case of steel columns, fewer steel 
submarine models have been tested, and - of those 
tested - not all test results are available in un- 
classified reports. The test spots shown on Figure XXXI 
represent the major portion of the results of scientific 
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Figure IX 



Models 50 < 53 ~ Deflection Qaqes 





Partial 
Section View 



Approximate Scale I s 3 




steel submarine model tests to this date, and are 
considered to be the best available summary of 
steel model test data. 

The major problem f correlation and evaluation, 
therefore, was to reduce the plastic submarine model 
data to a dimensionless form comparable to the steel 
data of Figure XXXI. In reducing and interpreting 
this data, the previous column data vas dravn upon. 

For further details concerning the correlation 
and evaluation of data, refer to "DISCUSSJOK OF 
RESULTS." 

Evaluation of Thesis and Conclusions 

The evaluation of the results of the thesis, 
and the conclusions, are justified by the "RFSULTS" 
and are developed in the "DISCUSS I OK OF RESULTS." 

For such evaluation and conclusions, refer to 
"COLCLUSIOXS" and " R F COMMEK DAT I ON S . " 
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RFSOLTS 



All data presented in this section were obtained 
f r >m tests conducted by the authors vith the exception 
of the data on "Plexiglas 0 column*. The tests of 
"Plexiglas" columns recorded here were conducted by 
R.T. Miller during the summer of 1950 vhile at the 
David Taylor Model Basin. The data Includes the re- 
sults of over 22 column tests (10 by R.T. Hiller) and 
4 submarine model tests. 

Figure X shows a comparison of the stress-strain 
curves of the various plastics tested in order to de- 
termine their relative merits for model tests. 

Figures XI and XII give values of the tangent 
modulus and the reduced modulus for "Lucite," and the 
stress-strain curve upon which these values were based. 
Figures XIII and XIV give similar data for "Plexiglas.” 

Figure XV shows the buckling stresses for the 
"Lucite columns plotted against the length to gyradius 
ratio of the columns. Superimposed upon the test data 
and the curve of experimental data are two curves show- 
ing the buckling stress as calculated by Euler* s column 
formulas. These curves will be discussed in detail in 
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Section V, "DISC3SSI0H OF RFSULTS.” Figure XVI is a 
similar plot of the results of the "Plexiglas” column 
tests. 

All data used to develop the plots shown in the 
Figures discussed above are tabulated in Appendix n C”. 

Figures XVII-XXIII, and Tables I-V give the re- 
sults of the tests of four "Lucite* models of sub- 
marine pressure hulls; For each model tested there 
has been included a photograph of the model before 
and after test, a tabulation of the test data taken, 
ar.d sketches showing details of the location, size, 
and shape of the failure. The sketches and tables 
are essentially self-explanatory. 

The phenomenon of crazing which is detailed in 
Figure XIX, appeared as a maze of snail scratches which 
were particularly noticeable when the model wa3 held in 
certain positions under strong lighting. The crazing 
which was very apparent along the frame line immediately 
after the tost, as shown in Figure XIX, completely dis- 
appeared after the model stood idle for several days. 

This phenomenon Is discussed more fully in later sections 
of this thesis. 

Test A of Model ho. 5? was stopped due to excessive 
leakage from butt strap. Vhen the model was removed from 
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Model N5 50 ~ Detail of Failure: 

Partial Expansion Shoxinq Location of Failure. 

Dimensions of Model as Built And Tested s 
Framing - 3 /ife'' * s /i6 - 
0.52“ Between Frames 
Average Shell Thickness - 0.0625" 

“ Inside Diameter - 9.os“ 

“ “ “ ,Top - 3.02“ 

* “ * j Bottom- 9.05 “ 
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Model 5.1 Before Test 





Partial Expansion Showing Location op Failure 
And Approximate Shape of Crit*cau Lobe- 










Figure TTY 

Model N® 5 \~ Detail of Crazing 



crazing along Fracture is On inner 
(tension) Side of Shell. 

Crazing On Em«e of Frame Sketched 
As Observed Immediately On Finish 
of Test ~ This Crazing Disappeared 
Prior To Definite Location As To 
Side of Shell 
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Figure. IX 

Model Kia 52~ Detail of Failure 

PARTIAL EXMNSIOM SWoWINQ LOCATION OF FAILURE. 
Also Shown*. Location or 2 Extra %s /\6 Frames 

CCMEflTeO To SHELL To S#PPeRT Eno DiAPHRA^ME. 
Dimensions op M***l fis Built Amo Tested*. 

Framing - 3 /\ 6 ' * 5 AC 
1.35" Between Frames 
Average shell Thickness - 0.0625" 

H inside Diameter -8.96" 

* •• ‘ ,Tor - 8.97" 

M * M , Bottom- 8.95 
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Model Ns 52 ~ detail of Fracture 



Expansion of Fracture To 
Actual Size An o Shape 
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Model 53 Before Testing - Model 53 After Testing - showing 

end Bulkheads in place. piece blown into model during test 

Upper bulkhead shows bolt Picture shows upper flange of test 

circle for attachment to tank with model bolted in place, 

test tank. 





Figure 

Model. ns S3 ~ DETAIL OF FAILURE 



Partial Expansion Showing Location of Failure , 
And Share, of Critical Lobe Blown Into Cylinder. 

Also Shown : Location of 2. Extra */io * s / i * Frames 
Cemented To Shell lo Support End Diaphragms. 



Dimensions of Model as Built Amp Tested : 
Framing - 3 /i*“ * <r /io" 

2.84“ &ETN6EN Frames 
Average Shell Thickness - 0.0625* 

" Inside Diameter - 9.oo" 

- • • ,Tof- 8.98" 

** • * j B ottom- 9. o4*' 












Model Ns 53 
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~ detail of Critical Lore. 



Expansion of Fracture Lobe To 
Actual Size And Shape 




Scalc i Full Size 
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Lnc«4e 5 ub^nihinc Model Nlc 5a 

Tcs4 By E. F. Ouhfce Jk V. D Johnson 
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test tank, visual cracscs were apparent in the butt strap. 
Liberal application of ethylene dichloride to the cracks 
stopped the leaks. 

For both steel and plastics, ir all calculations 
where At occurs, the value O.clO has been used where 
stresses are below the plastic flow range and the 
value 0.5 whore stresses are above the plastic range. 
These values are consistent with the available data. 

Much less work has been done to verify these values 
for plastics than for steels, but a value of 0*20 to 
0.25 is generally accepted for the plastic for the 
elastic region. 
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RESULTS 



Introduction 

As explained in Section III on Procedure, the 
investigation of the use of plastic models to study 
the behavior of steel submarine pressure hulls was 
conducted in two major steps. First, the perforjnar.ee 
of plastic columns was studied, and then the per- 
formance of the more complicated plastic submarine 
pressure hull models was investigated. This approach 
proved to be practical and profitable. The column is 
the simplest structure that exhibits an instability 
failure. The critical stress causing an instability 
failure of & column, whether determined by theoretical 
formulas or actual test, varies with the sturdiness of 
the column in much the same manner as does the collapse 
pressure of a submarine hull vary with its sturdiness.* 
Plastic column models are very inexpensive compared with 
plastic submarine models and are easily tested. Our 
study f the performance of plastic col mun s was there- 
fore not limited by cost, and it was possible in the 
time available to run as many column tests as appeared 

* Footnote: This similarity between columns and 

submarine hulls is discussed at greater 
length on page 6 of Reference (4). 
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necessary to adequately cover the full range of column 
dimensions required for this study. 

From these results, general conclusions could be 
made on the practicability of using plastic models to 
predict the performance of steel prototypes. Because 
of the cost of the plastic submarine pressure hull models, 
the number of models tested was I ini tod to four. While 
the dimensions of those models were selected to give as 
wide a range of sturdiness factor as possible, the 
number was rather limited. The conclusions obtained 
from the column tests proved valuable in interpreting 
the submarine model tests. 

Examination of the stress-strain curves in Section IV 
and Figure XXIV shows that there is very little similarity 
between the 3tress-strain curves for steel and for plastics. 
The yield point for plastics is not definitely defined by 
the character of the stress-strain curve. For the pur- 
pose of this thesis the yield point has arbitrarily been 
defined as the point of 0.?$ permanent set. The yield 
point stress of the plastic n Lucite n using this de- 
finition is approximately 1/5 the yield point stress of 
medium carbor. steel. The modulus of elasticity (E) for 
"Lucite* is approximately 1/100 of the modulus of 
elasticity (F) for medium carbon steel. The shape of 
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the stress-strain curves are not tho sane since the 
steel curve has a well defined shoulder followed by 
a zero slope of the curve, while the plastic curves 



round over gently, and in many cases have no point 



of zero slope* In addition to all the above variations 
between plastic and steel stress-strain curves, the 
stress-9train curve of « given plastic will vary with 
rate of loading, humidity, temperature and other 
factors. Refer to Figures XXXIV and XXXV and to 
additional discussion in the Appendix, 

When constructing a model to predict the per- 
formance of a prototype where such marked differences 
exist between the physical properties of the materials 
used for the prototype and the model, the question 
arises as to whether the model and the prototype should 
be geometrically similar or bo similar based on some 
non-dimensional basis. The conventional non-dimensional 

parameters for submarine model work are ft - rr-y~<r~—~ > 
4 / , . r^=“ ' (VI) <T7 p ' 



and 



» / " ‘ ^ r — ' ^ 

2 . » /(liZlBll . /JZE 2. A similar set of 

V (h/2R) s V 2 



non-dimensional parameters for colu mns would be 

^ ~ (Typ ard % ~ /P"* The type of 

similarity existing between model and prototype will 
have a marked effect upon the accuracy of the results, 
and it may also impose physical limits on the range 
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oT prototypes which can be model tested due to physical 
limitations of the models. 

It may be noted again here that while the plastic 
materials used in these tests are called by their 
respective trade names of "Plexiglas” and "Lucite", 
both are cast Methyl Methacrylate resin an-' are con- 
sidered as identical for the listing of physical pro- 
perties in Reference (6), 



Column Test Results 

Figures XV and XVI arw Table VI compare the re- 
sults of tests by K.T. Ililler and by the authors on 
"Plexiglas" and "Lucite" columns with the critical 
buckling stress predicted by Euler 1 s column formula, 

(1 = r-r-.-rr. The range :>f columns varied in 

u crit ( SL/f>)t 

sturdiness from Model 0 which crushed and did not 
buckle to Model 21 which had as large an value 
as appeared possible to secure in a plastic column 
and still have the column initially straight within 
the limits required for accurate test results. 

The correct value to be used for E* In the Euler 
column formula has teen the subject of much learned 
discussion since the formula was first suggested in 



1757. All authorities seem to agree on using the 
value of E* = F, the initial slope of the stress-strain 
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curve, Cor stresses below the proportional limit. 
Timoshenko in Reference (IS) suggests that the so- 
called reduced modulus value developed by Von Karma n 
be used for B* when stresses are above the pro- 
portional lirait. By definition the reduced modulus 
L E k'f 



is E 



R 



and 






Shanley in References 
3 suggests that the 



critical stress obtained using E* ~ Ep, as suggested 
by F. Engesser, is actually correct for predicting 
the load at which buckling of a perfect column will 
begin, and that the reduced modulus gives the upper 
Unit for load as the bending increases. Practical 
tests seem to bear out this conclusion, test results 
generally following Euler 1 s formula below the pro- 
portional limit and lying in the area bounded by the 
Euler formulas using and in the region above the 
proportional limit. 



Figures XV and XVI show the actual buckling stress 
as determined by test, and the predicted buckling stress 
as determined by Euler* s formula using both Ep and R^ 
where different. The and F ^ values for ’’Plexiglas’ 1 
ax'.d "Lucite" were obtained graphically from Figures XII 
and XIV and are plotted in Figures XI and XIII. 

Study of Figure XVI shows that the column tests 
conducted by R.T. Miller using "Plexiglas” columns give 
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values for critical buckling stresses which closely 
follow tho shape of the Euler curves, but that the 
critical stress values are, in general, higher than 
those predicted by the Euler formula by about 15 %• 

In these tests the critical buckling force var> con- 
sidered to be that force which produced a visual de- 
formation. Determination of such a point depended 
on the Judgment of, and careful observation by, the 
person conducting the test; in most cases this method 
did not permit determination of the exact moment of 
initial buckling covered by the Euler theory. 

In the series of tests run by the authors, 
readings were taken of the lateral deflection of the 
midpoint of the column as the load was applied. The 
details of the arrangement of the dial gages used to 
record the deflections are described in Section III 
and Appendix n B n . These dial gage readings were 
plotted against the load and buckling was defined as 
the point at which there ceased to be a sssall increase 
in lateral deflection with increasing load and instead 
there was a large non-linear variation in lateral de- 
flection with increasing force. See Figures XXV -XXVII 
for these plots. Plotting the lateral deflections 
served an additional useful purpose in determining the 
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accuracy of the entire test. A reliable test should 
show a plot similar to that for Mo** el ho. 2Z, Figure XX V. 
The well defined buckling point indicates that the ends 
of the fixed-end ed column wore parallel within very 
close tolerances and that the faces of the testing machine 
were similarly parallel. In contrast, a plot of the type 
shown for Model 16, Figure XXVI, indicates that the column 
is bending in the initial phases of loading and that the 
column must either be bent when unloaded, have non- 
parallel faces, or th.t the faces of the testing machine 
are not parallel. In any case, such a plot; shows that 
the results of the test are not very reliable. 

A study of Figure XV shows that the column tests 
conducted by the authors using t'Lucite’ 1 give results 
which again follow the general shape of the Euler formulas. 
In this sot of t'-'sts, however, there appears to be a wider 
scatter of the points than in the "Plexiglas" set but the 
mean of the tost results closely agrees with the values 
predicted by Kulcr. This closer general agreement with 
the Euler formula is believed to be duo to the method 
of determining buckling (discussed above) which more 
accurately spots the point of initial buckling than is 
possible by visual observation. The wider scatter of 
points is more difficult to explain but may be due to 
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the method of manufacture of tho columns* In manu- 
facturing both the ’’Plexiglas” end the ’’Lucite” columns, 
extreme care was exercised to obtain end surfaces that 
were parallel within close tolerances in order to ob- 
tain a test with end fixity similar to that assumed 
in the theoretical derivation cf the column formulas. 
However, in the case of tho ’’Plexiglas” columns this 
was accomplished by milling the ends, while in the 
case of the ”Lucite” columns the ends wore saved and 
then finished on a sanding machine. It would appear 
from the results that the milling of the ends produces 
a more uniform degree of parallelism and ir. the better 
method ->f the two. 

The tests results in general are considered good, 
comparing rather closely with the Euler formulas and 
with the work of other investigators in the column 
field. 

Fixed-endecl. columns were used in the tests be- 
cause it is believed that with relatively simple testing 
equipment it ir. possible to more closely approximate 
the condition for perfect fixed-end columns than for 
perfect pin-ended columns. However, perfectly parallel 
ends on the column models cannot be obtained, ror are 
testing machine faces perfectly parallel. 



and the de 
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gree of non-parallelism. undoubtedly varies from model 
to model and test to test. Vhere extremely accurate 
results have been desired by other Investigators, p tr- 
ended columns using complicated roller bearing supports 
have been used. The use of such equipment would give 
slightly more accurate an^ consistent results than 
those herein obtained. The method used, however, vas 
sufficiently accurate for the desired purpose, and not 
unduly time and money consuming. 

From the above analysis we can conclude that plastic 
column models give accurate and consistent test results 
when compared to theoretical predictions. The next 
question is whether or not plastic column models can be 
used to predict the failure of steel column prototypes. 
The answer appears to be n yes, in some cases, but not 
all", as explained below. 

First consider the possibility of using plastic 
column models geometrically similar to the steel pro- 



would expect the plastic model to failure at a 

(T* the critical stress for 

u cri t E steel 

the steel. Hence, a ’’Plexiglas* 1 column would fail at 
approximately 1/100 the stress of a dimensionally 
similar steel column. Figure XXVIII shows this graph! 



totypes. By Euler* s equation. 
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cally. The critical stress for a column of & given 
can be obtained by taking the ordinate or the curve for 



the 



I//S 



i fp value and multiplying the value of the ordlr.ate 
by the applicable E. 

In Figure XXVIII, data from both steel and plastic 
column tests are shown. The steel data are from Re- 
ference (2) while the "Plexiglas” an** "Lucite” data are 
from this thesis. The steel curve is well defined by 
many points. Since plastic column models with an 
of greater than 50 could not be manufactured without 
some initial curvature, no tests were run at values 

greater than 52. However, the few experimental points 
shown for plastics lie along the line of the Euler 
formula using E equal to the initial modulus of elasticity. 
Although there is no experimental cats for plastic column 
models at tfp greater than 52, such points if available 
would be expected to fall aior.g the Euler column formula 
line as the critical stress ir. all such cases would be 
far below the yield stress of plastic. 

Referring again to Figure XXVI II we see that for 
columns with a value of greater than 90, the 

curve of data for plastic columns and steel columns 



coincides. Therefore, in this region dimensionally 
similar steel and plastic columns will have critical 
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stresses proportional to their respective moduli of 
elasticity and, hence, a plastic model theoretically 
can he used to predict the failure of a steel prototype. 

The above is not true for values of h/> less than 
90, Figure XXVIII shows graphically that the curves 
no longer coincide and that the error of using the 
plastic curve instead of the steel runs from Q% at 
hf - 90 to approximately 1000$ at This 

is because of the difference in the ratio of for 

B 

plastics and for steel. At i/fi m 90 the steel columns 
reach a stress equal to the proportional limit and begin 
to enter the range where failure is determined by the 
reduced values of and which are fractions of the 
E value; hence the curve falls below the Euler curve 
for constant E. However, at this poirt of hf * 90, 
the plastic column is stressed to but 1/12 of its pro- 
portional limit. In fact, it will not reach the pro- 
portional limit until the hf equals approximately 22 
and at this point the ordinate will be 189 for the 
plastic column compared to a value of 17.2 for the 
steel column. Therefore, if a plastic model were 
used to predict the failure of a steel column with 
an value of ?? it would predict a failure at 

“ 189 x 10"4 x 20 x 10^ =* 567,000 psi, while 
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the steel column data predicts a failure at 



(f^ a 17.2 x 10-4 X 30 X 10 6 * 51,600 psi. 



Study of Figure XXVIII shovs that any empirical 
correlation between the tvo curves is doubtful due 
to the fact that the tvo curves are entirely different 
in shape and have no functional relationship.. 

From the above discussion it is concluded that 
theoretically dimensionally similar plastic column 
models will predict the critical buckling stress of 
steel column prototypes when the steel columns are 
not stressed beyond the proportional limit. Actually 
it is extremely difficult, in fact nearly impossible, 
to construct plastic column models within this range 
of high values that do not have some initial 

curvature. Therefore, for prnctieil purposes the use 
of dimensionally similar plastic models to predict the 
buckling stress of steel prototypes is not feasible 
for any range of column dimensions. 

In Figure XXIX the results of steel, f, Lucitc r 
and "Plexiglas” columns are plotted on the basis of 
the two dimensionless coefficients, (Ter t^ (Tyi*id 



properties of the specimen. This means that the plastic 
column model and its steel prototype would both have 




which take into account the physical 



the same value 
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cf more than Z»2 5 the curves for ’’Luetic* column data 
and for steel colunn data practically coincide. The 
curve for ’’Plexiglas* data is slightly higher for 
reasons already discussed. This means that It; this 
region plastic .model columns can p: edict accurately 
the buckling stress of steel column models. Further- 
more, there is no practical difficulty as the plastic 
columns are much shorter than steel columns which are 
non-dimens tonally similar due to the difference in the 
ratio of (Ty/i f„r th*> two materials. The column 
tests v r. by the authors a^e equivalent to steel 

columns with an $//° ratio of as high as ?A0. 

7 Q Hf* 

To the* left of --- * r.25, the plastic data 

curves again separate from the steel *ata curves, and 
again correlation of the two curves does not appear 
feasible. Therefore, it ' s believed that by using non- 
dinene ! onal similarity between plastic column models 
and steel prototypes, the buckling stress of the steel 
columns can be accurately predicted by the plastic 
models if the correspond!) g steel prototype Is not 
stressed beyond the proportional limit. If the steel 
prototype is stressed beyond the proportional limit, 
accurate predications cannot be made by using plastic 
models, an-" the error will increase with increasing 



stress 
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Submarine Model Test Results 



As noted in the Introduction, there has been very 
little work done in the field of testing plastic models 
for structural strength. The tests conducted by the 
authors on plastic submarine pressure hull models, 
therefore, involved not only the actual conducting and 
analyzing of the tests but, in addition, the use of 
techniques of .manufacture which were of an unproven 
and experimental nature. 

An examination of the mode of failure of each of 
the four models tested shows that three of the models 
failed in a manner which indicates that the results 
of these tests should furnish reliable data. Models 
Kos. 51, 52, and 52 appear to have had lobe type failures 
which were not materially influenced by the butt strap 
on the models nor by the end bulkheads of the models. 
Model 50 appears to have failed prematurely due to a 
local failure near an end bulkhead. 

Figure XVII shows the nature of the failure of 
Model No. 50. The failure is confined to the area 
between the last frame of the model and the end bulk- 
head. From Figure XVII it can be seen that there is 
very little space between the frame and the portion, 
of the bulkhead which overlaps the shell. This distance 
is so much smaller than the distance between frames that 
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a lobe type of failure in this area appears unlikely. 

The shape of the fractured area seer.s to indicate 
that it was caused by some local stress raiser. 

Model No. 50 hod the greatest inside end diameter 
of any of the four models tested. Vhile this was less 
than 1/10 of an inch greater than the smallest diameter 
at the corresponding end, it was sufficient to make the 
common solid end piece used on all the models fit some- 
what loosely into the model. As a result, the usual 
method of sealing the end joint with "Miracle Adhesive," 
vl'ich proved successful in the tests of the three other 
models, failed to make the joint sufficiently tight to 
prevent excessive leakage in three successive trys. To 
help prevent this leakage, a cloth gasket was placed in 
between the model shell an^ the rabbetted part of the 
end bulkhead along with cotton wLcking and "Miracle 
Adhesive," It is believed that forcing this end in 
place with the sealing agents mentioned probably cracked 
the shell or butt and caused a premature failure. 

Figures XVIII and XIX show the location and type 
of failure which occurred in Model No. 51. The failure 
is at a distance of a quarter of the circumference of 
the model from the butt strap and one frame space from 
the end bulkhead. The fracture appears to have started 
in the middle of the frame space. Such a location 
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indicates that the butt strap and the end bulkheads 
had a negligible influence on the failure. The 
fracture appears to bo ideally located. Before the 
failure, half lobes of l-f” to 2 U could be felt. 

Formula 24 from Reference (4) gives a half-lobe 
length of 1.28 f! for this model . One peculiarity of 
the failure was the presence of so-called "crazing” 
on the specimen after failure. This appeared as a 
network of scratches as shown in Figure XIX both at 
the point of rupture and along tho frame line. A 
more detailed discussion of "crazing” Is contained in 
Appendix "D” , but the type found in this model is be- 
lieved due to tension yielding above the proportional 
limit. Hence, the shell at tho frame v&s apparently 
near the yield point as was the shell at the middle of 
the frame space where the lobes reached the maximum 
which resulted in the shell fracture. 

Figures XX and XXI show the details of the failure 
of Model 52. While thjr- crack which was the ultimate 
method cf failure of the model extends Just to the 
butt strap, the shape of the crack and its length in- 
dicates that a lobe failure occurred which was not 
materially affected by the presence of the butt strap. 
The failure is also well clear of the end bulkhead 
influence. This model had the smallest diameter of the 
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four models, and a* a result the tapered end pieces 
extended into the shell for only a short fi stance and 
were supported by two auxiliary frames, as shown in 
Figure XX, to take the shear forces. This arrangement 
proved undesirable but did not prevent a satisfactory 
test. Six ant one-half psi below the final eollapse 
pressure, the solvent fastening the frames to the shell 
failed in 3hear causing a loud cracking noise and some 
leakage, but the wedge-shaped piece sealed itself and 
did not adversely Influence the test. 

Figures XXII and XXIII show the failure of Model 5 £. 
The failure is clear of the Influence of the butt strap 
and the end bulkheads. The fracture appears to have 
started at one of the frames bounding the failure. The 
piece of shell which was blown into the cylinder is of 
the size and shape to Indicate a lobe type failure. 

The piece of sholl is long and extends from frame 

to frame. Formula >4 of Reference ( 4 ) gives a half-lobe 
length of 1.77 for this model. 

Dial gages were use to record deflections during 
tests of Models 50 and 52. These gages were installed 
as shown in Figures VIII and XIX and were intended to 
determine the collapse pressure by indicating the 
pressure at which shell deflections no longer increased 
linearly with pressure. It was thought this might be 



- 39 - 



*>ioro reliable than visual signs of failure since the 
lateral deflection read! gs had proven to be tore 
reliable than visual indications in the column tests* 

The readings taken are plotted in Figure XXX. It will 
be noted that the maximaii variation in readings for 
Dial Gage "A* in the test of Model Ko, 51 is .016” 
while Dial Gage opposite has a variation of .162" , 

It is believed that this was caused by some lack, of 
rigidity in the dial gage sot-up} and that the de- 
flection indicated by each f age was actually a function 
of the total deflection of both si^es of the model, the 
spring constants of the dial gages, and the rigidity of 
the dial gage support. The plots of the readings of 
these tvo gages, however, both indicate a point of rapid 
change in deflection readings 1 psi below the failure 
point. 

The dial t&ge arrer. 'ecier.t made visual observation 
of the model un- 4 er test difficult and precluded any ex- 
amination of the model by running ones hand along the 
surface to spot the exact location of leaks or lobe 
formations. Since the readings taken on Model ho. 53 
had not proven much more accurate than visual means for 
discovering buckling, it appeared that a good visual 
inspection was more important than the gage readings. 
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Therefore, gages were not used for th>„ tests of 
Models 1'03. 51 and 52. For test H'o. 5c a more simple 
dial gage arrangement was devised which still permitted 
visual examination of the model under test. The read- 
ings taken during the tests run on Mo r ’el No. 5c are shown 
in Figure XXX but have little significance as the model 
failed prematurely. 

The conventional basis for plotting submarine model 
test results is on a ¥ vs h graph where, as mentioned 



before, = 7-7-r & r -d A * \l 

# Y ovi) c r yp V ( h /2R ) 2 » 1 

Figure XXXI is a plot of steel data from David Taylor 
Model Basin test3. Included on this plot is DTMB formula 
,1 9’ , for the collapse of thin-walled steel pressure vessels 

% A 

with stiffening rings and the curve y> • closely 

approximates experimental data. 

DT?1B Formula n 9 r ^as developed by the David Taylor 
Mo'-’el Basin for predict!? g the collapse by instability 
of thin cylinlrical shells under external pressure. 

?( the collapse pressure) = ------ — — 

(1-/J ) [ f- x - 0.45(h/?H) J 



O" it can bo 

y.p. 



Vhile this formula is independent o' 
rewritten as ¥ - f or plotting on a y vs ^ 

.. . . c r, n,e 10O0 tf yp/1 Oa. 1 

H v 0.01 ' (lOOh/PRY 



* Footnote: For further discussion of this formula 

see Reference (4) . 
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lt will be noted that t is a function of tho ratio of 
CTy to E and will be different for steel and plastic. 
Figure XXXII shows the curves for Formula ”9" for steel 
and "Lucite" assuming the F and values shown on the 
plot. The experimental mo ?el results are also shown 
on this plot. Figure XXXIII shows e similar plot ex- 
cept In Figure XXXIII, F for "Luclte" is taken as 
£27,000 psi; while in Figure XXXII, it is taken as 
£00,000 psi, the value determined by compressive tests 
conducted by the authors at a 'temperature of 69°F, 

The experimental points in Figure XXXII, lie ir. 
a curve parallel to Formula bat somewhat higher. 

In Figure XXXIII the experimental points agree more 
closely with the theoret.cal Formula "9” . 

Fron Reference (6), for methyl methacrylate cast 
resin which includes n Lucite p and ’’Plexiglas” sheets, 

E for compression is £00,000 psi at 7?°F. (r.o rate of 
loading specified) and Is £50,000 psi at 55°F. The 
compression test conducted by the authors which rave 
F s £00,000 psi was conducted at 69°F. The tests of 
the submarine models were at temperatures ranging from 
57 to 60*5°F. Interpolation of data in Reference (6) 
sugg sts that a notified value for E of 527,000 psi 
should be used for the submarine model tests. 
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Reference books in the field of pi os tic give 
physical properties in very general figures such as 
E - 2—5x10 si and, hence, arc not much help when a 
question arises as to whether to use E = 200,000 psi 
or 227,000 psi. This is apparently due in part to 
the lack of deman * for such detailed Information be- 
cause of the manner in which these materials are normally 
used, and to the considerable variation in these pro- 
perties with humidity, rate of loading, and temperature. 

It will bo noted that for the methyl methacrylate resin 
"Plexiglas’", R.T. Millor, usug the same rate of loading 
in pounds per square inch as the authors and approxi- 
mately tile sasie temperature, determined E to be 570,000 psi. 

From the foregoing, it may be concluded that the 
failures of the plastic models follow a general curve 
which has the sane shape as the curve of Formula "9", 
and that the experimental data check with the formula 
results within the accuracy with which it is possible to 
determine E-, 

As in the case of the column tests, the submarine 
models tested represent as wide a rarge of sturdiness, 
measured by j/p for columns and by ^ for submarine 
models, as could be incorporated in the models without 
introducing large secondary effects due to mechanical 
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imperfections. Also, as in the case of the column models, 
any given monel tested can he considered as either 
geometrically similar to a certain steel prototype, or 
non-dimensionslly similar to some other steel prototype 
based on having a common A value. For instance: 



A for *'Lucite n *&£•! <\ of steel model 

and nor. -dimensionally eo.net rically similar 

Model similar steel model to *Lucitc w model 



50 


1.72 


.389 


51 


2.31 


.526 


52 


2.785 


.636 


53 


4.04 


.925 



Geometric Similarity Basis 

Tests of the ’ s Lucite” mo^el - T ive experimental results 
in agreement with Formula n 9 f ’ which is a function of E 
and the model dimensions. Therefore, geometrically sitailar 
steel prototypes an^ plastic models should fa 1 at pressures 
in proportion to their respective E values. Eliminating 
Model 50 data which are considered unreliable, the pre- 
dicted collapse for geometrically similar steel models 
would be: 
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Model 


Collapse Pressure 
for 

Plastic Model 


Collapse of 
Steel Model 
from Fir. XX7.I* 


Predicted 

Steel 

Collaoso 


51 


68 psi 


651 psi 


5S?Q psi 


5? 


£7 psi 


651 psi 


£170 psi 


5£ 


16 psi 


651 psi 


1?70 psi 



The models tested represent geometrically similar steel 
prototypes with A values from .£89 to .9? 5. In. this 
range steel prototypes ere stressed beyond the pro- 
portional Halt before the collapse pressure is reached. 
Paralleling the experience with columns and for similar 
reasons, the elastic models predict failure values for 
steel prototypes which are too high. Theoretically, 
as in the cose of columns, reliable data concerning the 
collapse pressure of geometrically similar steel proto- 
types can be obtained from plastic models in the range 
where the steel prototypes are stressed below the pro- 
portional limit at collapse. However, the largest frame 
spacing used in our tests was or. Model 5? and is about 
the maxiaiun frame spacing which can be used on plastic 
models and maintain close out-of-roundness tolerances. 
Still, this spacing is less than the minimum required to 
be in the range where geometrically similar plastic 
models give reliable predicts. 



* Very little exact data available. Figures given are 
approximately correct. 
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Therefore, as in the case of columns, there 
appears to be practical &r/ theoretical cons!? orations 
which make the use of geometrically similar plastic 
models unsuitable for predicting the collapse of steel 
prototypes. 



flor.-riwonslonal Similarity Baslp 

Plastic models appear in a somewhat more favorable 
light when used, to study the collapse of steel prototypes 
having common ^ values. 

Studying Figures XXXI -XXXIII, we see that the plastic 
model test data as plotted in Figure X7XIII arid the steel 
model test data each vary from their respective theoreti- 
cal curves of Formula w 9 n by about the sa:c percentage 
of the y value for a given h value. Hence, it should 
bo possible to t^st a plastic model, compare the results 
percentage wise with For mula p 9 f! for the plastic, and 
conclude that the steel prototype would fa„l at the same 
proportional relationship to Formula f, 9 f ’ for steel. 

However, the results of such predictions using the 
method proposed are sensitive tc variations in the E 
value uged. This is especially true at low values of h \ 
say, less than T.5. Figures XXXII and XXXIII illustrate 
this. Due to the steepness of the Formula n 9 w curve 
at low A values, small variations in the relative 
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position of the experimental points an. 7 the Formula "9 Tf 
curve mean large variations in the percentage difference 
between theoretical and experimental results. For this 
reason, it appears that plastic models should be used 
where a qualitative comparison is desired such as when 
conducting a research program irv stigating the effect 
of variation of some parameter, rather than for pre- 
diction of the collapse depth of a specific submarine 
design. 

All models tested are in the region where the steel 
prototypes collapse before reaching the proportional 
limit. Beyond the proportional limit E in Formula r 9 n 
should be replaced by E^. or other modified E value. 

Since for steel models approaches zero as the stress 
approaches the yield point, an instability failure occurs 
as the stress reaches the yield point. This is also 
evidenced by the fact that DTMB Formulas "9?" and n 9?a n 
from Reference (5) include only <T y and not E since 
they are for failure in this area. 

In plastic models such as "Lucitc", the Ej value 
at the”yield poirt n has only decreased sore below the 
initial value. Therefore, collapse by instability will 
not occur Just because the material has reached the 
"yield point". As shovr ir. Figure XXIX for columns. 
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the curves of data for steel models and plastic models 
no longer coincide after the proportional limit is 
reached. Had it been possible to conduct tests of 
plastic submarine models in this region, the results 
would undoubtedly have been similar to the column 
results, and the plastic model collapse pressures would 
hove been higher than the steel results in this region. 

A possible means of getting around the difficulty 
could be to take deflection readings of a plastic model 
with a low h value, in the neighborhood of .70 to .10, 
and plot those readings so a s to determine when a yield 
point was reached. Since reaching the yield point In a 
steel model would result in collapse, this point where 
the plastic model reached a yield point could be con- 
sidered the collapse pressure. This approach appeared 



very encouraging \ 


an til 


the dimensions 


of 


the "Lucite" 


models that would 


have 


the necessary 


low 


values 


were calculated. 


See 


table below: 






Model 




n Is tat ce Be- 


Estimated Collapse 


rimers ions 


A 


tween Frames 


Pressure ("Lucite") 


?" dia. x 1/16" 


.90 


.232" 




200 pst 


w 


. 80 


.2??" 




275 pai 


n 


.60 


.125" 




400 psi 


16* dia. x 1/16" 


.90 


.245" 




120 p3i 


6" dia. x 1/3" 


.90 


.675" 




625 psi 
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The above table shows that it Is not practical to 
cor struct "Lucite" submarine pressure hull nod els having 
low ^ values. The first four models listed in the 
table above have h/?R ratios corresponding to the usual 
submarine practice. It can be seen that for such 
dimensions the spacing between frames becomes of the 
sa e order of magnitude as the width of the frame, and 
that secondary effects which are not present in the 
steel prototype (since it v 11 not have this close 
spacing even though it has the same ^ value), become 
large and make the results unreliable. The last model 
listed has a more acceptable distance between frames, 
but here the h/2R ratio for the model is three times 
the values commonly used for submar ne design. Also, 
the test pressure becomes very high and therefore elimi- 
nates one of the advantages of plastic models. While 
the table is based on n Lucite n , the distance between 
fra^e values would not change appreciably for any of 
the other common plastics including Cellulose Acetate, 
"bylon" and "Plexiglas' 1 , 

General Considerations 

A general conclusion from the results of the "Lucite" 
submarine model tests and the column tests follows. 
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.Models made of methyl raethcrylate and other plastics 
readily available (such as cellulose acetate) are 
practical for studying the performance of steel pro- 
totypes in the region where the steel model collapses 
before the steel reaches the proportional limit* Such 
models should be constructed so as to have ^ simil- 
arity to the prototype. Plastic models are neither 
practical nor reliable for predicting the collapse 
pressure of subrear ine pressure hulls when the steel 
prototype is stressed beyond the proportional limit 
at the time of failure. Unfortunately, this is the 
region In which modern submarines a'-e designed. 

While three or four t-=.sts are not sufficient eviden 
upon which to base a conclusion, ft is believed that, in 
general, the construction of plastic submarine models - 
while more simple than the construction of steel models 
is more susceptible to small errors such as local out- 
of-rour.dness. Hence, the t*st results of a scries of 
plastic models would probably show more "scatter" than 
a series of similar steel model tests. 

The frames used for all tests were 2/16" x 5/16" 
and withstood a maximum pressure of 69 psi. By DTMB 
Formula "88", from Reference (5) this fr one Should be 
good for a pressure of 6 p -.f psi. However, usual 
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practice Is to consider that this feroula is over- 
optimistic, and the usual working value .is considered 
to be one-half the derived value. The frames in these 
tests, though tested to the full value of the formula 
rather than one-half as is standard practice, showed 
r.o signs of weakness. 

The details of construction of the models tested 
proved very satisfactory. The use of a butt strap to 
make the longitudinal seam did not appear to introduce 
any difficulties or inaccuracies into the tests. The 
few leaks which developed in the longitudinal seam during 
the tests were stopped by removing the model from the 
test tank an 5 putting a few drops of ethylene di chloride 
unier the butt strap in the vicinity of the leak. 

In order to save money, the ss e end bulkheads 
were used on every model. There was some difficulty 
here due to the variation in the in aide diameters of 
the models from model to model and from end to end. 

The taper that was given to the rabbetted part of the 
bulkhead did not entirely solve this problem. On the 
model with the smallest diameter, the taper tended to 
wedge open the cylinder and slit the butt strap scam. 

On the largest diameter model, it was difficult to get 
the joint tight and this was probably the reason for 
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the prenature failure. Oslr. : the bulkheads over agaii 
in successive tests presented the problem of securing 
watertight Joints and still being able to remove the 
bulkheads after the test. ”Mlracle Adhesive* manu- 
factured by the Miracle Adhesive Corporation was used 
for this purpose and worked very well. 

The highest pressure on the circular bulkheads of 
the models was 60 psi. By Reference (14) the maximum 
stress in the l/?-inch plastic end bulkheads at this 
pressure was: 

6,800 psi if fixed ended support was 
considered to exist. 

Oil 1 - 10,920 psi if simple support was con- 
sidered to exist. 

Compared to the physical properties of: 

^J"*yield point = 9»000 psi. 3 14, <00 psi. 

The testing tank arrangement used was very satis- 
factory. Regulation of tho pressure in the tank by 
throttling the recirculating line gave a very simple, 
smooth and accurate means of pressure control. The 
ease of using the water pressure from the tap instead 
of a pump as required for high pressure tests was parti- 
cularly noticeable. 
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One of tiie most important features of tills in- 
vestigation of the use of plastic models Is the 
relative cost of steel vs. plastic models. The four 
models tested cost a total of approximately $100. 

Of this cost, about one-quarter was fixed charges 
which could, bo spread over any number of models, re- 
ducing the cost per model to below $?5 if more than » 
four models were tested. To reproduce these models 
in steel models of the same size and simplified fora 
would cost apporxinately §125 per model. This is one 

of the important advantajes of using plastic models for 

* 

a series of tests involving many models. 

^ The "time-edge effect" noted in ohotoelastic 
work with some plastics seems to indicate that plastics 
might change in physical properties with tine, which 
would mean that models made of older stock would react 
differently than models made from newer material, 
however, examination of the literature and discussion 
with Professor A.G.H. Dietz and Dr. S, Yurenka of the 
M.I.T. staff indicate that r;o noticeable effect would 
occur unless the material was at least several years 
old. 

The use of plastic submarine models offers many 
attractive possibilities. These include photoelastic 
study of the stresses around 3tress raisers such as 
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hatches, valves, frames, etc. There is relatively 
little known about the effect of these on submarine 
strength. 

This thesis limited itself principally to models 
of plastics costae rc 'ally available, and shows that 
these are limited in their usefulness, but that the 
field has great possibilities. The next step appears 
to be to overcome the difficulties pointed out in this 
thesis by developing a plastic with a stress strain 
curve of similar shape to that of the steel to be used 
for pressure hulls. This may be feasible, but is more 
in the realm of metallurgy and chemistry than haval 
Engineering. 
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VI. 

COhCLOSIOKS 



1. Simplified submarine pressure hull models con- 
structed of commercially available plastics 
can be used to predict the collapse of steel 
prototypes subjected to hydrostatic pressure. 
Reliable results can bo expected, however, 
only in the rather limited ratine where the pro- 
totype is not stressed above the proportional 
limit, and where A -similarity is maintained 
between plastic model and steel prototype. 

7 , Conventional submarine designs do not fall in 

the above specified range. 

£, Plastic models are recommended for qualitative 
evaluation of the effect of varying a given 
parameter, rather than for quantitative pre- 
diction of the collapse depth of ore specific 
design. 

4. Plastic models can be constructed in accordance 
with good commercial standards of workmanship 
and give reliable, consistent data. 
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Plastic models cost approximately one-fifth 
trie cost of comparable small, simplified 
steel models, and may be tested satisfactorily 
vith simple, inexpensive test apparatus. 
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VII. 

RECONfrliaWATiOhS 

Inasmuch as plastic submarine monels do offer 
some definite advantages, particularly for research 
programs involving large numbers of novels, it is 
recommended that efforts be made to expand their 
present limited range of applicability. Since this 
range is restricted, primarily, bv nhe physical per- 
formance characteristics of commercially available 
plastics (specifically, the shape and nature of the 
stress-strain curve, and the yield stress-modulus 
of elasticity ratio), it is suggested that attention 
be given to the development of a plastic having a 
stress-strain curve similar in shape and nature to 
that of submarine hull steel but with lower absolute 
values. Use of such plastics would offer an ex- 
tension of the range of model -prototype correlation 
to include conventional submarine designs. 
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APPEKDIX p A n 

Supplementary Introduction 

Formulas and Theories of Failure 

It is not the object of this thesis to attempt 
to evaluate existing theories for failures in steel 
submarine pressure hulls, nor the corresponding 
formulas for critical pressures and critical design 
parameters. Detailed discussions of such theories 
and formulas may be found in References (4) and (5). 
These formulas and theories must bo referred to, 
however, for the insight they give as to the probable 
actual mode of failure of the steel model or prototype 
in order that the failure of the plastic models can be 
critically compared. In the range of largo ratios of 
frame spacing to diameter, and low ratios of shell, 
thickness to diameter, the shell will fail through in- 
stability} Von Mlses unc linden burg have developed 
theoretical formulas for this range of failure. For 
excessively weak or flexible frames, the frames nay 
collapse even though supported by contiguous shell; 
Tokugawa and Von Sander, and Gunther have formulated 
this type failure. For adequate strength of frames 
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and proper rainlmua spacing of frar.es, the plating may 
reach the yield point either in longitudinal stress 
at & point of local bending over the frame, or in 
transverse stress at raid-panel between frames; Von 
Sar.den and Gunther have attempted to formulate these 
types of yield failure. 

resign Parameters 

From the above, and study of the references, it 
is apparent that the relative values of the various 
design parameters are of paramount importance; i.e., 
shell thickness (h), versus shell diameter (2R), versus 
frame spacing (L*), versus distance between frames (L) , 
versus frame stiffness (l), etc. 

Importance of E, CT and tr,^: 

One very important consideration in submarine de- 
sign is that of weight; an acceptable design raust pro- 
duce the greatest collapse depth for a given weight 
of pressure hull structure. Within the limitations of 
the least weight solution, the several design parameters 
nay be varied and adjusted so that the resultant 
structure may fail with what the literature commonly 
terms an "elastic instability" failure, or with what is 
referred to as a "yield" failure, or with an inter- 
mediate mode of failure which is often called failure 
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by "plastic instability." The meaning of these terms 
vill be briefly outlined; for a more comprehensive 
treatise on the theory involved see References (4) and 

( 5 ). 

By an "clastic instability" failure Is meant a 
failure (evidenced by bulging of the shell between 
frames) in which the combination of a relatively low 
value of h/?R and a relatively high value of L/?R per- 
mits the shell to evade the load before the shell is 

stressed above its : this situation is analogous 

P 

to the behavior of a long and slender column which 
may buckle at a very low nominal stress. 

By a "yield" failure is meant a failure in which 
the combination of a high value of h/?R ar.c’ a low value 
of L/2R results in the shell being held up to the load 
and stressed to, or almost to, its yield point; at this 
high stress the instantaneous modulus E^, is so reduced 
that the actual form of collapse Is through instability. 
Accordingly, a more proper description of this type of 
failure might be "instability at yield stress." 

B7 failure by "plastic instability" is meant that 
type of failure that occurs when the composite effect of 
the h/2R and L/2R parameters is such that the shell is 
stressed beyond the proportional limit, but is not 
stressed to the yield point. (For example, each of the 












■ I C! 'M *• <**J i? •** »*> 



idn #»; . V Wl ' •> • • ** ■***•«*•• ** * ' 

«4* «• >>4M- <W. U .«» — " > *>• **• ■* 

» r > *.»» . .. M trt- - •*■ .# . .tuw 

*J O'* «• ^4 W P » * '-* • 



two ratios, h/ZR and L/2R, might have a value inter- 
mediate between its two values ir the extreme cases of 
"elastic instability" and "yield") , Again, the value 
of the instantaneous modulus decreases >s the pro- 
portional limit is passed, an* the actual form of failure 
is one of instability. Similarly, a more proper de- 
scription of this type of failure might veil be 
"instability between proportional and yield stresses." 

For purposes of brevity, and in order to conform 
to the literature, the terms "yield failure", "failure 
by plastic instability", and "elastic instability failure" 
will be employed. 

From the above, the significance of E, E<p, 'CTp, 

<3"yp- ie., the shape and magnitudes of the stress-strain 
curve - for the submarine pressure hull steel is apparent. 
Tho stress-strain curve for such a steel is readily ob- 
tainable, and is essentially fixed ard constant for the 
encountered ranges of temperature and rates of hydro- 
static loading. 

For most plastics, however, i eluding the methyl 
methacrylates, the shape and magnitudes of the stress- 
strain curve nay vary significantly according to the 
type of test (tension versus compression versus bending), 
the temperature, the rate of loading, etc. Note 
Figures XXXIV and XXXV. 
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TRUE STRESS TRUE STRAIN CURVES (COMPRESSION) 
METHYL METHACRYLATE (B285-I) VARYING MOL. WEIGHTS 
TESTS AT VARIOUS CONSTANT RATES OF STRAIN 
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TESTS AT VARIOUS CONSTANT RATES OF LOAD 
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LOAD RATE 


A 


9.0 


B 


806 


C 


865.0 


D 


6£20.0 
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Basis of Steel-Plastic Comparison 

The foregoing brief and oversimplified summary 
of some of the differences between steel and plastic 
presents one of the most important problems that con- 
fronted the authors: Upon what basis could steel and 
plastic submarine models be compared? Which design- 
parameters or parameter ratios should be held constant? 
Could the respective sets of models, steel versus 
plastic, be reduced to a truly comparable set of di- 
mensionless parameters in which the effect of variables 
such as sr y , E and yu. are eliminated or reduced to an 
insignificant degree? What variables between steel and 
plastic are relatively fixed, what are controlled to 
some degree (as by rate of loading), and what are 
essentially independent - and, perhaps, unpredictable? 

Brief History of DTHB Work on Plastic Models 

During the period June through August, 1950, one 
of the authors. Car. E.F. Durfee, had the opportunity 
to observe the preliminary work done by the David Taylor 
Model Basin upon plastic submarine models. The work by 
DTMB has been periodically reviewed by the authors to 
this date, and is briefly summarized. DTMB has not as 
yet completed any programs involving the use of plastic 
submarine models, nor reported any results thus far. 
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Initial experimental tests by DTMB upon plastic 
submarine models involved cellulose acetate models. 

The models were about 16 inches in Hamster, about 
the same length, and approximately 1/8 inch shell thick- 
ness. The 3hell was formed from flat sheets with a 
longitudinal seam reinforced by a butt strap on the 
inside of the shell. Rectantpilar frames, machined 
from flat sheets, were fitted inside the shell, and 
were suitably notched for the shell seam strap. This 
type model gave trouble through weakness and non- 
circularity at the shell seam, aaod the frames demon- 
strated a tendency to fracture where notched. Pre- 
liminary tests with these models employed stress- 
coat, and whitewash, as devices to attempt to indicate 
the advent of incipient failure or collapse. Verbal 
reports from DTMB representatives indicate these first 
models gave inconclusive indications of results. 

Another set of three (Z) methyl methacrylate 
models has been manufactured by DTMB, and is ready for 
test. These models are also of approximately 16 inch 
length and diameter and 1/8 inch shell thickness, and 
are of constant total weight of frame material. One 
model is intended to fail by shell instability, and 
has all fra .e material concentrated in four ( 4 ) x 
well separated frames. In another model, it is expected 
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that the frames will fail: this model has eight (B) 
1/4” x 1/2” frames, with the frame space approximately 



one-half that of the model first described. The third 
model has an intermediate arrangement of frames, six 
(6) Z/S” x 1/2” frames. In this series of models, the 
main variable has been the number and spacing of con- 
stant depth frames of a constant total frame weight. 

For this group of models, the shell strap is run longi- 
tudinally on the exterior of the model, and the in- 
dividually machined one-piece rectangular frames are 
fitted inside the shell, thus avoiding any notches or 
other discontinuities in the frames. 

The experience of DTMB in manufacturing plastic 
models was drawn upon by the authors in designing and 
constructing their models in regard to techniques of 
shaping the shell mandrel, heating the shell sheet, 
forming the shell, designing frame rings, choice and 
use of solvents, etc. 

Vork by Cdr, P.T. Miller at DTMB 

During August, 1950, Cdr. R.T. Miller, of the 
M.I.T. group at DTMB, began a series of column com- 
pression tests on "Plexiglas,” a methyl methacrylate, 
in order to initiate an investigation of the behavior 



of "Plexiglas” columns. Cdr. Miller ran a series of 
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columns in compression buckling tests and compared his 
results with Euler’s Column Curve. The specimens, 
dimensions of which arc detailed in appropriate tabu- 
lations in Appendix *'C% wore accurately saved to breadth 
and width, an i the ends carefully milled to troe and 
parallel planes. The columns were tested as "fixed 
ended” columns. After some unsatisfactory attempts with 
plaster-embedded base plates, the tests were ran similar 
to those later conducted on "Lucite" by the authors, with 
no special mount Lng plates other than those furnished 
with the testing machine. The tests were run at fixed 
rates of loading. Points of buckling, or ’'visible 
buckling,” were noted by careful visual observation. 

A compressive stress-strain plot was prepared from crush 
test of one short specimen. 

When Cdr. Miller dropped preliminary plans to work 
with the authors on this thesis, he generously furnished 
the authors with his data, which has been used by the 
authors to supplement and corroborate the data obtained 
by the authors in their tests of "Luclte" columns. 
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APPENDIX 



Details of Procedure 



Choice of Plastic 

Prior to choice of the plastic to be utilized, 
a variety of materials were investigated, and con- 
sultations held with, e-tong other authorities. 

Dr. Edward Venk, Jr., of DTMB, Dr. A.G.H. Dietz and 
Dr. S. Yurenka of the Department of Building Engir.eer- 
i g and Construction, K.I.T., Norris of the 

Department of Civil and Sanitary Engineering, K.I.T., 
and Dr. J.P. Dsn Hartog ar.d Dr. L. Orowan of the De- 
partment of Mechanical Engineering, M.I.T. Much of 
the study centered upon the search for a plastic with 
a stress-strain curve similar in shape to that of steel, 
with a distinct yield point, and with a ratLo between 
stress and initial modulus of elasticity approximating 
that of steel. 

Among the materials studied to the point of con- 
ducting stress-strain compression tests were methyl 
methacrylate, cellulose acetate, and nylon; see 
Figure X and Tables VTII-XVII. Another material investi- 
gated was neoprene ebonite. A consideration in connection 
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with all materials was the question of the availability 
of the sheets and stoc;i required for construction of 
column models and of submarine models* 

Extensive study indicated to the authors the 
necessity for choosing an acceptable and available 
material, even though the selected material mi-f t not 
be the optimum, on a theoretical basis, as regards stress- 
strain curve and yield-modulus ratio. 

Accordingly, w Lucite f! , a methyl methacrylate, was 
chosen. In addition to the advantages listed in the 
body of the thesis, this material - in the almost exact 
thickness desire-* - was found to be available at the 
Forest Products, Inc., Cambridge, Mass., a concern capable 
of manufacturing the desired column arid, submarine ’models, 
and possessed of the required experience in heating and 
forming the "Lucite" shell and frames. 

Detailed disadvantages of the "Lueite* material 
are developed elsewhere in this thesi3, and will merely 
be listed here. The primary disadvantage is th* stress- 
strain curve shape, and the discrepancy between Luc.ite*s 
yield-modulus ratio arid that of steel. As with most 
plastics, "Lucite” exhibits a greater degree of nan- 
uniformity of material scantlings, chemical composition, 
and physical characteristics than does steel. Other 
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"Lucite 15 disadvantages characteristic of most plastics 
include: the change in stress-strain behavior, modulus 
value, ultimate strength, ar.d "creep characteristics* 
with change in rate of loading; susceptibility to 
humidity; possible dessicating effects of prolonged 
periods of time; "crazing"; and weakening effects of sol- 
vents; and uncertainties as to behavior under different 
conditions of, end rates cf, tension, compression, 
and bending. 

It is of interest to note that the published liters 
ture concerning plastics, or even the unpublished data 
compiled by the M.I.7. plastics group, appears quite 
meager in regard to determination of physical perfor- 
mance characteristics for plastics such as values for 
yield stress, modulus of elasticity, Poisson*s ratio, 
etc., under specified conditions of loading and rates 
of loading. This is due in great part, no doubt, to 
the sensitivity of these physical characteristics to 
the chemical composition and conditions of manufacture 
of each lot of plastic. Another factor is probably the 
relatively small emphasis on physical characteristics 
for many uses, and the greater concern with molding 
behavior, dielectric properties, etc. 
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Plastic Column Tests 

n Lucite” columns. Models Nos. 15 to 21, were made 
by Forest Products, Inc., from commercial grade one- 
half inch ,, Lucite B cut to width by a circular saw. The 
ends were cut by saw, and then finished to exact length, 
planeness, and parallelises by continuous belt vet sender. 
Models Nos. 22 to 24 Here cat by the authors from Model 
No. 21, using a band saw and a continuous belt dry sander. 

Column Models Nos. 16 to 21 Here chosen to check, 
and to expand, the range covered by Mooels DTMB No. 0-9, 
and, in particular, to secure points to be used to com- 
pare with steel column data when plotted on a non- 
dimensional basis such as on Figure XXIX. 

The tost apparatus utilized in the column tests is 
that located in the M.I.T. Plastics Laboratory, Building 
20. Column tests were performed by the authors under the 
guidance of Dr. Steven Yuremca. A 1/10, 000 n dial gage was 
first used to check the rate of automatic cross head travel 
which was adjusted for each specimen. Concurrently, a test 
weight was used to check and calibrate the continuous and 
automatically ink-trace-recordir.g load cell. For the 
actual test, one 1/10,300” and one 1/1,000* dial gages 
were used at mid-height and mid-breadth of the model to 
record transverse deflections in the plane of minimum 
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monent of inertia, while a second 1/1000” dial cage 
was used to check the rate of travel which was 
automatically recorded by proper gear setting in 
the ink trace. Periodic readings of travel versus 
load were recorded to check the automatically recorded 
data. 

Particular care was giver to the trar sverse de- 
flection dial gages in order to deterni c the point 
of incipient buckling, or non-linearity of deflection, 
by these dial gages, rather than by reliance on visible 
buckling, (As noted in the *DISCUS?f>I0K,” the "Plexiglas” 
column data of August, 1950, tended to show excessively 
high values of critical loads; the authors suspected that 
buckling had actually started a finite load increment 
before the ’’visible buckling” could be detected) . 

Upper and lower loading anvils were treated with 
silicon oil in an effort to avoid "binding” and dis- 
tortion of the loaded ends as the (shorter) columns 
attempted to conform to Poisson* s ratio. 

Desl gr> of Plastic gubmrrine Models 

From purely theoretical considerations, the authors 
would have preferred to have tested plastic models in 
sufficient number and of proper characteristics to defire 
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by test spots the entire A - H 3 curve from ^ ~0.4 

to about P * 0.0. There were, however, several im- 
pediments. 

Among the non- theoretical considerations were those 
of available money ar.d time, and the selected inter- 
related physical limitations as to maximum diameter of 
model and maximum pressure of the test tank, the deal gn 
and procurement of which had to go forward fairly early 
in the thesis work. Corsi. orations of desire? tank 
pressure and mo 'el size lo^ to choice of a design inside 
diameter of models of nine inches. Although the tank 
was built and tested to 103 pounds per square inch, 
available water main pressure indicated a desirable 
pressure limit of about 70 pounds per square Inch gage. 

One feature of the plastic submarine model design, 
that gave the authors cause for anxiety concerned the 
problem of "out-of-roundness." Lack of true circularity, 
particularly at a longitudinal seam, h&s been observed 
as a point of potential and probable weakness In steel 
submarine morels, and in the preliminary plastic sub- 
marine model tests co» ducted by DTMB. Accordingly, the 
authors endeavored to fix.d a commercial source of plastic 
seamless tubing of a practicable h/?R ratio. The largest 
diameter tubing vh.ch the authors could find or. the 
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commercial market is sly inches, with a vull thickness 
of one-eighth inch; thus, a h/?R value of 0,0104* As de- 
veloped in more detail un’er "DISCtCSIO.h OF RFSCLTS,** 
so great a h/2R ratio would lead to a low ^ value, 
heavy and closely spaced frames, high pressures. 
Accord ngly, the design was developed employ irr a longi- 
tudinal seam in a thin shell of large diameter, vi th 
circularity maintained by extern 1 butt strap and snugly 
fitted internal frames. 

A study of conventional submarine designs indicated 
that, for geometric similarity, a model shell thickness 
of approximately 0,055 inch for on insiie diameter of 
nine inches was desirable. With ’’Lucite” available in 
nominal thicknesses of 0.040 inch, 0.050 inch and 0.060 
inch, the design was premised upon 0.060 inch shell 
thickness. For geometric similarity to modern submarine 
design the resultant distance between frames on Model 
ho. 5? vai estimated to 1,35 inches. Tho intended ^ 
value was 1.95; the actual ^ value of the completed 
model was approximately 2.79, the difference resulting 
from variations in h, and 1 of the actual "Luclte* 

from which constructed. 

In order to limit to the creates t practicable ex- 
tent the number of variables involved, and in order to 
keep the cost and time of manufacture within bounds, 
all four (4) submarine models were designed for constant 
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diameter and shell thickness (as veil ss frame size), 
with the frame spacing used as the prime variable. 

Model I©. 52, with a designed ft value of P.8 and an 
actual ft of 4.04 as built, was designed &« the 
largest ^ value desired. At the design stage, the 
authors hoped that this model could be tested to 
’'failure” without destruction, and be unloaded without 
damage to permit subsequent re-testing j this hope was 
not fulfilled. 

Model ho. 50, with a ft value of 1*1 as designed, 
and 1.7S as built, had a distance between frames of 
0.5?”. This was the closest frame spacing used, a 
minimum adopted for the following reasons: (l) anti- 
cipated difficulties in building a model with closer 
frame spacing, arid, (?) belief that the resultant 
structure could not possibly fail in the lobe pattern 
of a steel model, but would have a failure significantly 
influenced by secondary effects at the frames. (At the 
design stage, the authors expected this model to fail 
in an overall mode including fracture of the francs.) 

Model No. 5if with a designed ft of 1.6 and a ft 
of 2. cl as built, was intended to fill In the ft range 
between Mo a els 50 and 5?. 
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I«ote is Made that to desig 1 a plastic model (of 
the chosen thickness and diameter) for ^ similarity 
to a conventional submarine design would have required 
a frame spacing smaller than Model No. 50. See 
"DISCUSSION* for further details. Thus, the resulting 
series of four ( 4 ) plastic models, while covering the 
maximum feasible range of ^ values, does not go to vis 
low (\ values as would be desirable for ^ -similarity 
to existing design nor to the even lower ?* values de- 
sirable for full coverage of the entire contemplated 
range. 

The problem of frame size was approached in the 
following manner. A steel H-binmn consistent with 
current submarine practice was taker, as the datura, to 
accompany Model ho. 5?. On the basis of approximating 
the faying flange, to suitable scale, & frame width of 
5/16" was chosen for the plastic models. The actual 
H-frame was then replaced by a rectangular frame having 
a faying flange of width corresponding to the £/i6" 
dimension suitably scaled up. The depth of the rteel 
rectangular frame was calculated on the basis of main- 
taining the I of the combined section, frame plus faying 
portion of shell, about its own neutral axis. Additional 



calculations were made on the basis of moment of inertia 
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of the frame plus entire franc spacing of shell, and 
of the frame alone, in order to avoi'* any possible un- 
usual disparity in any one of these criteria. The 
range of rectangular frame depths obtained from the 
above calculations were then scaled down to the plastic 
model size - a nominal depth of 5/16" was selected as 
satisfying the requirements for I on the various bases 
outlined above, as well as providing a definite 
"directional stability" to the fra^e. That Is, the 
5/16" depth gave the no^cl frame a definitely greater I 
about one axis than about the other, and avoided the 
equality of stiffness that, for example, a square frame 
would provide. 

Once the frame spacings and frame size were de- 
termined, the model lengths could be chosen. Several 
criteria were applied: the model length should approxi- 
mate the model diameter, but the number of frames need 
not exceed six (6); the spacing between the end diaphragm 
and the first fra. ,e was to be less than the normal franc 
spacing; and the minimum number of uniformly string frame 
spaces was to be two (?). The model lengths specified 
on Figures II-V result from application of the above 
criteria. 

End diaphragms for use with the plastic submarine 
models were designed to corsist of a 9" x ?/8" disc 
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with an integral 9-1/3” x 1/3” flange. The , /3 disc 
was designed to support the end panel of the shell, 
permit a tight end joint, and minimize the possibility 
of longitudinal bending in the shell at or near the 
end. The integral 1/3” x 9” flange was designed to 
withstand the end loading, and was calculated to carry, 
in shear, an end pressure of approximately 100 pcun s 
per square inch gage. 

Manufacture of Plastic Submarine Models 

The material used for all parts of the plastic 
submarine molds was "Lucite”, acrylic resin cast 
sheeting, U.S. Army-Envy Specification AH-P-44* The 
shell material was 1/16” flat sheet heated to approxi- 
mately £40-300° F. and wrapped upon a rubber covered 
wooden mandrel, with surplus material for a butt strap, 
and held until the temperature dropped to about 150°F. 

The shell then trimmed to size, a butt strap applied 
on the outside, and "welded” with ethylene dichloride 
solvent. 

A wooden Jig for molding frames to the nine inch 
inside diameter of the cooled shell was then constructed, 
and the frames were heated as above an formed to shape, 
with excess length, from c/16” x 5/16” flat rods cut 
by table saw from 3/16" sheet. 
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The final tubes were not perfect cylinders in 
all cases, but had slight variations in diameter as 
listed on Figures XVII -XXI I. Prunes were individually 
fitted and cat to length for a press fit. Where 
necessary in final fitting, additional filler pieces 
were pressed into place and cemented into the frauds. 

All final fitting ana cementing of frames was done 
by the authors. In all easels, frame butts were care- 
fully staggered and in no event wore frame butts per- 
mitted to fall near the? shell seam in the middle frame 
spaces. The procedure In setting frames was as follows. 
First, the length of the tube was carefully checked, 
and any deviation from specified length adjusted for 
in sotting the frame ring nearest the truest end of the 
tube. Throe gage blocks, approximately long x 1/?” 
wide were then carefully filed and sanded to the exact 
spacing between frames at the three points of contact 
on each block, ends and center. With the butt steadied 
over the center of one of the three equi-spaced gage 
blocks, the next frame was carefully located and "tack 
welded” with a fine syringe containing solvent. More 
and more points were so secured, and the gage blocks 
slid around the periphery, until the entire ring was 
located properly, at which point the entire frame was 
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ceoenttd in piece and the butt cemented, caution being 
exercised to prevent any solvent from running over the 
shell surface except in v*y of the fr€r*o. All frames 
were so located and cemented, the ^age blocks being 
progressively cut down in si ze froT i Model ho. 53 to 
Model No. 50. 

flAltlS- Submarine Model Tests 

For all models the en*’ diaphragms were temporarily 
glued on by generous use of Miracle Block Magic Adhesive, 
a heavy-bodied, fast drying, waterproof (when ~ry) , 
self-bonding adhesive manufactured by Miracle Adhesives 
Corporation, New York, ¥-.1, This adhesive was selected 
after extensive' preliminary tests involving such varied, 
materials as Puco Mousehole Cement, Veld wood, etc. 
Experience showed an optimum tine for te3t of the model 
after affixing er.^s: after about 15 minutes the surface 
of the adhesive was tough enough to resist penetration, 
while the main body of the adhesive was pliable enough 
to keep tight under local bending and compression. When 
too dry the adhesive tended to be too brtttlej when too 
wet, it flowed out under vat^r pressure. The adhesive 
did not harden un-’er water, and readily permitted re- 
moval of the end diaphragms on completion of a test. 
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Fxperionce with the first models shoved the 
vulnerability of the scams to leakage along the seam. 
Accordingly, the scams and seam straps were generously 
plied with solvent - resulting in th- use of more sol- 
vent on the seams than might otherwise be required. 

For Model No. 5S, the dial gage arrangement was 
checked out in the inverse position before assembling 
the model, and before bolting the model to the steel 
flange. For this model the dial gages were mounted at 
mid-height of the lover panel, and cl^ar of the seam. 
Dial gage readings were taken up to the point of 
failure. 

In mounting Models Nos. 5? and 51, the upper 
w Lucite n diaphragm was left bolted to the steel flange, 
and the shell and then the lower diaphragm glued on. 

The test of Model No. 5? was interrupted by a serious 
leak at the lower end of the seam. The model was re- 
moved from the tank, this crack was sealed with solvent, 
and the test re-started and carried to conclusion with- 
out further incident. No dial gage readings were taken. 

Similarly, no dial gage readings were taken on 
Model No, 51, but careful visual ar.d touch observations 
were made. This test was carried through without in- 
cident. This test pressure exceeded calculated pre- 
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dictions, and threatened to go beyond the limits of 
the pressure gage; the critical pressure was reached 
just as the usable range of the ga?e was approached. 

Model ho. 50 suffered all the mechanical break- 
downs and material failures avoided by Models Nos. 

51-53. To provide for the logical increase in pressure 
above Model No. 51, prior to the test of Model No. 50 
the authors procured and installed a high pressure 
hand hydraulic pump and a TOO pounds per square inch 
capacity pressure gage, as shown on Photograph No. 1 
and Figure XVIII. Because of the difficulty in ex- 
amining the entire inner surface of the shell and 
frames in the time allowed under the chosen load rate, 
dial gages were again mounted, as shown in Figure VIII. 
clear of frames an-* seam in the middle frame space. 

The function of these dial gages was to detect the 
yield point or point of buckling of the model by any 
non-linearity of deflection readings. Model 2!o. 50 
was first fitted with the same er.d diaphragms as 
used on Models Kos. 51-53 and fitted as shown for such 
models on Figure VI. The lover diaphragm flange sheared 
off in Test A, however, under a relatively low pressure. 
For later tests the lower diaphragm was modified, and 
both diaphragms were re-installed, as detailed for 
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Model No. 50 on Figure VI. The lower head quilling 

bolts, and the load-spreading washers shown, were 

waterproofed with cotton grommets sheared with miracle 

adhesLve. As will be noted from the results. Model 

Mo. 50 failed prematurely at a lower pressure than 

Model Mo. 51; accordingly, there was no need to use 

the hand pump that had been provided, and the maximum 

pressure was obtained directly from line pressure. 

) 
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APPFBDiy C 

Data ar,^ Calculations 

Tables VII-XVII contain a summary of the test data 
taker. during tests of ^Luclte^ and ^P^exiglas* columns, 
n Plexiglas n data were taken in the form in which 
tabulated as the tests were being run. 

The "Lucite” , n Uylon n and Cellulose Acetate data 
were automatically recorded during the actual tests by 
an ink graph of force vs. tine made by the testing 
machine. The authors recorded the readings for lateral 
and vertical deflection on these graphs at the appro- 
priate values of force and tine. The graphs are ten 
inches wide and have a total length of approximately 
ZO feet; the tables that follow are a summary of the 
data recorded on these graphs. 

APPENDIX "B* describes the procedure followed by 
the authors in conducting the tests of plastic columns. 










. 1^114 W » ir»* 4 **i#*u« 047 

-tr»t,. • . U *4UT. *4U* - r*»f#n • V| IfM 5« 
..• n» liW#r , r ■* *"** ^ »‘«X~ 

«i 4 A* ©4*4*. U Hi I !»• * • Mw i- «Cf% vodoI 

» I PH , '* ••* ** U***YU 






- 3 ?- 



APPIiI IDIX "f?" 

Supolemen tary Discussion 

Shapes of Stress-Strain Curves 

Typical shapes of stress-strain carves for ship- 
building steels are indicated or. Figure XXIV. Host of 
the steel curves are characterized by a distinct and 
definite yield point, which often occurs it. the charac- 
teristic "drop of the beam" phenomenon as illustrated 
by the "Medium Steel" curve of Figure XXIV. Many High 
Tensile steels exhibit the other stress-strain curve 
shown on the same figure; these HTS curves show high 
values of £, , 'IT , and a distinct, rapid, 

an* 4 permanent drop in the value of I at the yield point 
Tlie third and last curve on Figure XXIV, in comparison, 
is typical of the methyl methacrylates (regardless of 
rate of load) including its lack of a distinct yield 
point. Thus, for "Lucite" ve are forced to employ 
some arbitrary definition of "yield point" involving 
a percentage of elongation, or percentage of initial 
mo ulus, etc. 



Comparison of the steel and plastic curves in 
Figure XXIV is informative. At low stresses the two 
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materials both have a linear relationship between 
stress and strain, bit the plastic stretches no re 
for an equal increase in stress. At the yield stress 
of the steel, however, the instantaneous value of the 
modulus (F^) for steel drops drastically. (A steel 
model experiencing this stress would fail through 
yield} or, more properly, through instability caused 
by the lowered value of S accompanying yield) . At 
the arbitrarily set "yield stress 1 ' of the plastic, in 
contrast, the plastic behaves almost exactly as before; 
for the same increment in stress as viewed before, the 
increment of strain is s little larger, but only a 
little larger. The tendency towards instability failure - 
which is inversely proportional to C - Is a little greater 
to the same extent that the Instantaneous value of Ej 
has decreased. (A plastic model expr-r. eneing this 
stress would probably show no changes at all unless by 
sheer coincidence the gradual reduction in instantaneous 
F to this point was just sufficient to induce instability 
failure) . 

Sr.ft g . lB g 

Model Ko. 51, which reached the maximum absolute 
pressure of the four plastic submarine models tested, 
was the only one of the four models to exhibit the 
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phenomenon of crazing. Figure XVIII snows the location 
of the crazing in relation to the fracture and to the 
overall geometry of the model. Figure XIX details the 
crazing alonr the central portion of the line of 
fracture, and the smaller region of craz'ng on the edge 
of the adjacent frame. Both areas of crazing were ob- 
served immediately following the hydrostatic test. The 
crazing appeared in the form of tiny, hairlike cracks 
on or under the surface of the model, and could be 
detected only by careful lighting. Rough sketches 
were promptly made of the phenomenon with descriptive 
measurements. At the time of first examination, no 
definite ^ciermir at on vas --ade as to which surface 
contained the tiny cracks, i.o detectable surface 
irregularities existed on either surface. 

This model was next examined with a magnifying 
vlass approximately three (£) days after the date of 
the hydrostatic test. At this examination, and at all 
subsequent re-ex -mirations, no trace f the frame edge 
crazing could be found. 

The crazing along the line of fracture remained 
unchanged and apparently stable. Figure XIX represents, 
therefore, the appearance of the phenomenon in the 
fractured area both immediately on conclusion of the 
test, and or. 21 April 1951 when the drawing was made. 
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This permanent crazing lias been determined to be at, 
or immediately adjacent to, the inner surface of the 
shell. Ko finite surface breaks or irregularities 

exist. 

The literature concerning the field, of plastics 
contains much pertaining to the phenomenon of crazing - 
there is little agreement or unanimity regarding it; 
References (10) and (11) . Among the possible causes 
of crazing are listed the following: the existence of 
a tensile stress at or near a yield stress, or, the 
existence of a relative tensile stress which may be 
superimposed on a general compressive stress field 
as durihg herding; ii stability of the plastic due to 
formula, conditions of molding and environment and 
atmosphere during manufacture; ani reactions in the 
surface of the plastic due to the presence of solvents 
or oils, including human s*ir oils. The latter causes 
are essentially a form of material Instability, or 
susceptibility to environmental effects, and are not 
considered pertinent to the crazing occurring in 
Model 51 for the following reasons: the material used 
was standard commercial n Luclte w , and exhibited no 
other case of crazing during the manufacture, handling, 



and test of the models in spite of constant handling 

and exposure to water, oil, and ethylene dichloride solvent 
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it is believed that the first mentioned cause of 
crazing is applicable to Model 51s the existence of 
a tensile stress at or near a yield stress, or, the 
existence of a relative tensile stress. Since the 
existence of crazing does not necessarily reduce 
the ultimate strength of a tensile specimen, the 
occurrence of crazing is not necessarily an indication 
that any portion of the mater al has reached the ulti- 
mate stress. Ail authorities consulted by the authors 
concurred that the observed crazing indicated an 
absolute or relative tensile stress field in the area 
affected. The permanent crazing at the center of the 
apparent fracture bulge is located at the inner sur- 
face of the mo-' el. It is believed that this crazing 
occurred vhdn the formation of such a bulge produced 
bending in the shell, and caused a tensile stress at 
the inner surface relative to the general compression 
stress through the shell and at the outer surface. 

No firm conjecture car. be advanced in regard to 
the temporary crazing over the frame edge inasmuch as 
the exact surface location of this region is not known* 
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